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Multivariate Analysis of Allozyme and Morphometric Variability in
Racosperma auriculiforme and R. mangium
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Summary
We investigated the levels and distribution of genetic variation of Racosperma auriculiforme (Acacia auriculiformis) and
R. mangium (A. mangium), using multivariate analysis of
allozymes and phenotypic attributes. The patterns of genetic
variation based on allozymes were similar to those based on
phenotypic attributes for R. auriculiforme. In R. mangium,
there was, however, a lack of correspondence between phenotypic attributes and allozymes. For R. auriculiforme, these
results suggest that initial isozyme surveys of a limited number of populations covering the species’geographic range could
help define more efficient sampling strategies for intense seed
collections and large scale provenance-progeny tests. For R.
mangium, the results, however, suggest that we should rely
mainly on genecological studies to establish guidelines for seed
transfer in applied tree improvement programs. The allozyme
diversity revealed that R. mangium was genetically depauperate compared to R. auriculiforme. The genecological diversity
in quantitative traits over four sites indicated that R. auriculiforme is more plastic than R. mangium, both showing a geographical pattern of population differentiation. Genetic diversity
parameters were negatively correlated with the latitude for R.
auriculiforme, suggesting Papua New Guinea as a centre of
diversity. On the other hand, genetic diversity parameters were
negatively correlated with the elevation for R. mangium. Canonical correlation analysis revealed two and one significant
canonical variates for R. auriculiforme and R. mangium,
respectively. It also revealed significant association between
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geographic origins and some allozymes and adaptive quantitative traits. Both principal components and discriminant analyses revealed a clear pattern of population grouping related to
taxon delineation and could be used to detect possible introgression between the two species. For both species, factor and
discriminant variable scores, derived from principal components and discriminant analyses, exhibited strong relation
with location variables: latitude, longitude and elevation.
Key words: Acacia, genetic variation, plantation forestry in the tropics,
multivariate analysis, Racosperma, social forestry.

Introduction
In most tropical countries, migratory slash-and-burn agriculture, along with modern agriculture, fuelwood gathering, selective logging, mining, and bush fires, all intimately linked to a
rapid expansion in human population, are reported to be the
main causes of loss of forest biodiversity and environment
degradation (KHASA et al., 1995a; KHASA and DANCIK, 1997). In
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reaction to the rapid loss of tropical forests, urgent measures to
promote reforestation and agroforestry should be undertaken to
achieve a sustainable development. Racosperma auriculiforme
(CUNN. ex BENTH.) PEDLEY (Acacia auriculiformis) and R. mangium (WILLD.) PEDLEY (A. mangium), two fast-growing multipurpose tree species belonging to the Leguminosae family
(Mimosoideae subfamily), are often given the highest priority
for planting in the humid and subhumid tropics (KHASA et al.,
1994a, 1995b).
R. auriculiforme and R. mangium are indigenous to Australia, Papua New Guinea, and Indonesia. R. auriculiforme grows
in a variety of climatic and soil conditions from sea level to
approximately 1,000 m in elevation (BOLAND et al., 1990; KHASA
et al., 1994a). However, R. mangium is a stenohaline species
which commonly occupies more restricted range of habitats
(KHASA et al., 1994a). Since both species have a wide natural
distribution, their populations are expected to exhibit a high
level of variability for both morphometric and biochemical or
molecular traits. The two species are mainly outcrossers
(MORAN et al., 1989a, b; KHASA et al., 1993). They are closely
related to each other (KHASA et al., 1994b) and there appears to
be no major fertility barriers to interspecific hybridisation
(SEDGLEY et al., 1992).
Due to the very recent domestication of these species, there
are only a few reports of the patterns of natural genetic variation in both species (MORAN et al., 1989a, b; PINYOPUSARERK et
al., 1991; WICKNESWARI and NORWATI, 1993; KHASA et al., 1994b,
1995c). These earlier studies, however, have used either allozyme or quantitative data but not both. In this study, we considered allozymes, quantitative traits and geographic locations
simultaneously, and used several multivariate analyses to

depict the population differentiation of both Racosperma
species. Multivariate analysis provides statistical methods for
study of the joint relationships of variables in data that contain
intercorrelations (JAMES and MCCULLOCH, 1990).
Material and Methods
1. Plant material
Bulked seeds of Racosperma populations were sampled from
natural stands and plantations and stored at 4 °C at low humidity (KHASA et al., 1994b). In this study, twenty five populations were analyzed for both allozyme and genecological diversities. Details on the geographical locations of the populations
are provided in table 1. These populations were introduced into
the Democratic Republic of the Congo (formerly Zaire) in common garden trials aimed at selecting the best productive provenances for fuelwood plantations and agroforestry. Seeds were
germinated following prescribed pretreatments outlined by
KHASA et al. (1994b, 1995c) for allozyme and genecological
diversity analyses.
2. Allozyme diversity
The level and distribution of genetic diversity were evaluated within and among populations of each species, using starch
gel electrophoresis (KHASA et al., 1994b). Enzyme loci where a
comparison was possible between the two closely related
species were used in this study. These loci were encoded by the
following enzyme systems: aspartate aminotransferase (AAT,
EC 2.6.1.1), glucose-6-phosphate dehydrogenase (G6P-DH,
EC 1.1.1.49), leucine aminopeptidase (LAP, EC 3.4.11.1), malic
enzyme (ME, EC 1.1.1.40), 6-phosphogluconate dehydrogenase
(6-PGDH, EC 1.1.1.44), phosphoglucose isomerase (PGI,

Table 1. – Descriptions of the Racosperma seed sources and their origins.

a) Abbreviations: CFK-SNR: Centre forestier de kinzono-service national de reboisement (Democratic Republic of Congo,
DRC); CSIRO: Commonwealth Scientific and Industrial Research Organisation (Australia); CIRAD: Centre de coopération internationale en recherche agronomique pour le développement; IND: Indonesia; NT: Northern Territory;
PB: Plateau de Bateke (DRC); PN: Pointe-Noire (Congo); PNG: Papua-New Guinea; QLD: Queensland.
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EC 5.3.1.9), and phosphoglucomutase (PGM, EC 5.4.2.2).
Allozyme diversity was assessed with the Biosys-1 computer
program (SWOFFORD and SELANDER, 1989), using standard
measures: percent polymorphic loci (P), mean number of alleles
per locus (A), and gene diversity (He, or expected heterozygosity).
3. Genecological diversity
We examined the distribution of genetic variation in juvenile
growth, adaptative and morphological traits (quantitative
traits) for 12 populations of R. auriculiforme and 13 populations of R. mangium by establishing a randomized complete
block provenance trial on four sites in the Democratic Republic
of the Congo. Measurements of these quantitative traits were
taken at different ages in the nursery and field. Variables
measured at 21 months in the field have been shown to be
useful in explaining patterns of variation (KHASA et al., 1995c).
These variables were: volume, survival rate, wood specific
gravity, number of stems, and stem straightness. Rooting
ability index of cuttings was also assessed (KHASA et al.,
1995d).
4. Analysis of data
Allozyme diversity parameters at the population level (P, A,
He) were correlated with population averages for growth,
morphological traits, survival, and location variables using the
SAS CORR procedure (SAS Institute Inc., 1989). Location
variables of exotic stands were not included in the analyses.
Normality and homoscedasticity of phenotypic distributions
were tested using the SAS UNIVARIATE procedure and transformations were applied where necessary (KHASA et al., 1995c).
Allozyme profiles of individuals were translated into coded
vectors according to their multilocus genotypes (SMOUSE and
WILLIAMS, 1982; YEH et al., 1985; CHELIAK et al., 1988; BOUSQUET et al., 1990). In this algorithm, each polymorphic locus
was transformed into a vector of n-1 independent dimensions,
where n is the number of alleles at a particular locus (SMOUSE
and WILLIAMS, 1982). For example, the three genotypes (11, 12,
22) of a locus with two alleles (1 and 2) were translated into a
vector Y’ = [1, 1/2, 0]. The vector Y’= [1 0, 1/2 1/2, 1/2 0, 0 1, 0
1/2, 0 0] represented 6 genotypes 11, 12, 13, 22, 23, and 33,
respectively, at a triallelic locus (1, 2, and 3). These multilocus
coded profiles were then subjected to canonical correlation
(CCA), canonical discriminant (CDA), and principal components (PCA) analyses using the SAS CANCORR, CANDISC
and FACTOR procedures, respectively (HAIR et al., 1998).
Thirteen polymorphic loci (Aat-1, Aat-2, Aat-3, G6-pdh, Lap-1,
Lap-2, Me-1, Me-2, 6-Pgdh-2, Pgi-1, Pgi-2, Pgm-1, and Pgm-2)
and quantitative traits were used in these analyses.
Population centroids were plotted on the first two axes or
functions, the scale being made proportional to the eigenvalue.
The individual scores obtained on the two first axes or functions were separately submitted to a one-way analysis of variance (see BOUSQUET et al., 1990) to quantify the proportion of
total variance explained by a population effect on each of the
two first axes or functions. A posteriori multiple comparison of
population means was conducted, using the BONFERRONI’s correction for multiple pairwise comparisons with a maximum
experimentwise error rate of 5 %. Factorial or discriminant
scores for the first two principal components or discriminant
functions were fitted to location variables by multiple regression using the REG procedure. Since patterns for both allozymes and quantitative traits are usually non-linear, we used a
second-order trend surface model of the geographic variables
(WESTFALL and CONKLE, 1992). The preliminary model included
quadratic and interaction terms in addition to linear terms for
all geographic variables. From the preliminary model, a final
equation was selected by backward elimination method.

Results
Estimates of allozyme, growth, morphological and adaptative
variability of the different populations of R. auriculiforme and
R. mangium are given in table 2. Mean numbers of alleles per
locus within populations (Ap) were 1.9 and 1.5 for R. auriculiforme and R. mangium, respectively. The mean percentage
of polymorphic loci within populations (Pp) was 51 % (0.99 criterion) for R. auriculiforme and 24 % (0.99 criterion) for R.
mangium. Gene diversity (Hep, or expected heterozygosity) was
0.114 for R. auriculiforme and 0.064 for R. mangium. Mean
heterozygosity was moderate for R. auriculiforme and low for
R. mangium relative to other cultivated tropical taxa
(LOVELESS, 1992). The mean genetic diversity measures (Ap, Pp,
and Hep) were negatively correlated with the latitude for R.
auriculiforme (Table 3), suggesting populations from lower
latitudes such as those from Papua New Guinea were more
diverse on average than populations from higher latitudes in
Australia. With one exception in Queensland, we found that
Hep was highest in R. auriculiforme populations from PapuaNew Guinea (PNG) and lowest in populations from the Northern Territory (NT) and Queensland (QLD) (Tables 1 and 2).
This trend, however, was not observed for R. mangium. For
this species, populations from QLD had higher but not significantly different Hep values (at P < 0.05, using a paired
STUDENT’s t-test) than those from PNG and genetic diversity
parameters were negatively correlated with the elevation.
For R. auriculiforme, volume and stem straightness were
negatively correlated with latitude, suggesting that populations from lower latitude (e.g. PNG with the highest Hep) are
most productive and straighter in tropical regime climates
such as observed in the Democratic Republic of the Congo. The
number of stems per tree was negatively correlated with
rooting ability index of cuttings, longitude, and altitude, and
positively correlated with survival, and stem straightness,
which in turn was negatively correlated with all geographic
variables (Table 3). For R. mangium, negative correlations
were found between number of stems and heterozygosity parameters (Ap and Pp) while positive correlations were observed
between stem straightness, wood specific gravity and number
of stems. In addition, volume was positively correlated with
survival and negatively correlated with stem straightness,
wood specific gravity, number of stems, elevation, and rooting
ability index of cuttings was positively correlated with latitude
and longitude (Table 3). R. auriculiforme had relatively high
survival rate, wood specific gravity, number of stems per tree,
and heterozygosity parameters, while it had low volume, rooting ability index and stem straightness as compared to R. mangium (Table 2).
Using three criteria (HAIR et al., 1998): (1) the level of statistical significance of the function, (2) the eigenvalues, and (3)
the canonical redundancy analysis, only the two first canonical
functions of the canonical correlation analysis could be interpreted for R. auriculiforme and the first one for R. mangium.
For R. auriculiforme, the coded variable Pgi-2b (with a standardized canonical coefficient of 0.87, correlation of 0.92) on the
first canonical variate (47 % of the total variation) accounted
for a major portion of the correlation between allozymes and
quantitative traits (VOL, correlation of 0.36), and geographic
origin (LONG, correlation of 0.72; ELV, correlation of 0.31) and
Pgm-1b (with a standardized canonical coefficient of 0.86, correlation of 0.79) on the second canonical variate (20 % of the
total variation) accounted for a major portion of the correlation
between allozymes and quantitative traits (VOL, correlation of
0.43; SV, correlation of 0.30; RAIC, correlation of –0.68; WSG,
correlation of –0.3; NS, correlation of 0.74; ST, correlation of
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Table 2. – Estimates of allozyme, growth, morphological and adaptative variability of various populations of R. auriculiforme and
R. mangium a).

a)

Abbreviations: Ap = mean number of alleles per locus; Pp = percentage of polymorphic loci (0.99 criterion, a locus is considered
polymorphic if the frequency of the most common allele is 0.99 or less); Hep = HARDY-WEINBERG expected heterozygosity;
VOL = volume (cm3/tree); SV= survival (%); WSG = Wood specific gravity (g/cm3); NS = number of stems/tree; ST= stem straightness (0 = straight, 1 = average, 2 = crooked); RAIC = rooting ability index of cuttings. Numbers in parentheses indicate the
standard errors. Details of methods for estimating allozyme and genecological diversities are presented in (KHASA et al., 1995b,c)
and in (KHASA et al., 1995d) for quantifying rooting ability index of cuttings. Note: Means followed by the same letter for each
species are not significantly different using the BONFERRONI’s multiple pairwise comparisons with a maximum experimentwise
error rate of 5%.

0.76). Canonical correlation analysis for R. mangium revealed
that 32 % of the variation in allozyme variables was accounted
for by the geographic variables. The coded variables 6-Pgdh-2a
(correlation of 0.37) and 6-Pgdh-2b (correlation of –0.37)
accounted for a major portion of the correlation between allozymes and the geographic origin (LAT, correlation of –0.51;
LONG, correlation of -0.31). The percent of variation described
by the first i canonical vectors was derived by R2 = Σ Ei/(1+Σ Ei),
where Ei is the i’th eigenvalue (see WESTFALL and CONKLE,
1992).
The first axis of both principal components and discriminant
analyses showed a clear pattern of population grouping related
to taxon delineation (see Fig. 1A). The two first principal components (PCs) accounted for 27 % of the total variance observed
in the data set for both Racosperma species, with the first prin194

cipal component contributing most of the variance (20 %). The
biological meaning of the major axis as determined by examining the eigenvectors (weights) and correlations of original
variables with PC scores (loadings) (IEZZONI and PRITTS, 1991;
HAIR et al., 1998) was dominated by variables Aat-3b, Aat-3c,
Pgi-2b, Me-1a, Me-1b, SV, RAIC, WSG, NS, and ST (Table 4).
This axis was mainly responsible for a clear pattern of population grouping related to taxon delineation (Table 5, Fig. 1A).
The second axis, dominated by large component loadings from
the variables 6-Pgdh-2a and 6-Pgdh-2b, was responsible for the
isolation of populations M9 and M13 from the remaining populations of R. mangium (Tables 4 and 5, Fig. 1A). Populations A1
and A4 were the most completely differentiated from the
remaining populations for R. auriculiforme. The first canonical
discriminant function (CDF) was dominated by large contribu-

Table 3. – PEARSON product-moment correlation matrix: coefficients among genetic and genecological diversity parameters
and the geographic origin of the populations for R. auriculiforme (above diagonal, df = 10) and R. mangium (below diagonal,
df =11)a).

a
) See table 2 for definition of abbreviations.
* = 0.1 > (P% = 0) > 0.05; ** = 0.05 > (P% = 0) > 0.01; *** = (P% = 0) < 0.01

Table 4. – Loadings of varimax rotated principal components and canonical discriminant analyses for
R. auriculiforme and R. mangium a).

a)

***, **, *: Very significant, significant and moderately significant loadings, with 60% or more of variance included in that principal component or function, between 30 and 60% of variance, and between 15
and 30% of variance, respectively.
b) Only variables with significant loadings are shown; see table 2 for definition of variables.

tions from variables Aat-3b, Aat-3c, Pgi-2b, Pgm-1b, Me-1a,
Me-1b, VOL, SV, RAIC, WSG, NS, and ST (Table 4). As for
PCA, this function was mainly responsible for a clear pattern
of population grouping related to taxon delineation (Table 5,
Fig. 1B). The second CDF was dominated by large contributions from variables VOL, RAIC, and WSG (Table 4). Cross-

validation using the analysis sample (50 % of the total sample)
and validation sample (50 % of the total sample) with PROC
DISCRIM indicated that the percentage of population classification was extremely high (>90 %). Overall, both multivariate
techniques provided almost the same patterns of population
differentiation, although the total of variation explained by the
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Table 5. – Analysis of variance on individual factorial or canonical scores obtained on the first two
axes, based on transformed multilocus allozyme and morphometric data for 25 populations of
R. auriculiforme (AUR) and R. mangium (MAN) a).

a

) Means followed by the same letter within a column are not significantly different at 5%
significance level, using BONFERRONI (Dunn) t-test. Note: * and ** indicate level of significance at
P = 0.05 and 0.01, respectively.

Table 6. – Quadratic regression analysis of canonical scores CAN1 and CAN2 (Backward elimination
procedure 1).

1)
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All variables left in the models are significant at the 0.1000 level.

Fig. 1. – Plot showingh the centroids of provenances of R. auriculiforme and R. mangium on the first
two PC axes (F1, F2) (A) or on the first two DF axes (Can1, Can2) (B).

first two CDFs was mathematically larger than that explained
by the two first PCs due to the different estimation procedures
(Tables 4 and 5).
Analysis of variance of the individual scores on the two first
PCs, accounting for 20 % and 7 % of the total variance,
respectively, showed that the population effect was highly
significant on the first PC with 94 % of the total variance
(Table 5). The multiple comparisons of population means
revealed 14 groups significantly different on the first PC and 3
groups on the second PC (P < 0.05). The discriminatory power
was increased using CDA, with 17 groups significantly different on the first CDF and 15 groups on the second CDF. For
R. auriculiforme, the calculated centroid (mean) values were
1.06 ± 0.13 and 0.02 ± 0.04 on the first two PCs, and –12.67 ± 0.57
and 0.07 ± 0.72 on the first two CDFs. The calculated centroid
values were –0.78 ± 0.04 and 0.01 ± 0.16 on the first two PCs,
and 9.10 ± 0.36 and –0.58 ± 1.09 on the first two CDFs for
R. mangium. Regression of discriminant scores on geographic

variables accounted for 99.9 % of the variation for CAN1-scores
and 99.7 % for CAN2-scores, for R. auriculiforme; and 94.7 %
for CAN1-scores and 91.1 % for CAN2-scores, for R. mangium
(Table 6). Similarly, regression of factor scores on geographic
variables accounted for 95.1 % of the variation for PC1-scores
and 17 % for PC2-scores, for R. auriculiforme; and 88.2 % for
PC1-scores and 26.6 % for PC2-scores, for R. mangium (results
not shown). The final models shown in table 6 retained only
terms significant at P < 0.1000 level.
Discussion
Several factors, including tree size, longevity, fecundity,
breeding system and geographic distribution, can influence the
patterns of genetic diversity within a woody plant species
(HAMRICK et al., 1992). The knowledge of the amount and distribution of genetic variation within a species is essential to the
efficient design of sampling, genetic conservation, management, and breeding programs. This information could be
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obtained from biochemical and molecular markers, morphological and physiological traits or from common garden experiments. Allozymes provide a good, quick method for estimating
genetic variation, but the variation can be electrophoretically
detected only for protein-coding genes and might not be adaptative in nature. In this study, we used both biochemical and
morphometric data simultaneously. The study showed higher
values of genetic diversity parameters in R. auriculiforme, as
compared to R. mangium, as well as higher population differentiation (phenotypic variance) in R. auriculiforme in both
isozyme and quantitative traits. This could be the result of
relatively more variable topography and heterogeneous
edapho-climatic habitats colonized by R. auriculiforme (BOLAND
et al., 1990; KHASA et al., 1994a), which could promote isolation
and habitat selection. Such positive correlation between genetic variation and environmental heterogeneity has already been
reported by several authors (BOUSQUET et al., 1990; HAMRICK et
al., 1991, 1992; LOVELESS, 1992). Low allozyme variation in
populations of R. mangium could be accounted for by genetic
bottlenecks and founder events that occurred during Pleistocene
glaciations resulting in small refuge populations (MORAN et al.,
1989b). This species, however, exhibited a great deal of provenance variation for quantitative and adaptative traits (KHASA
et al., 1995c). This is similar to western redcedar (Thuja plicata DONN), which shows much more variation in quantitative
traits and apparent lack of genetic variation as inferred by isozyme and terpene studies (G. NAMKOONG, pers. comm.), and different from Pinus torreyana PARRY ex CARR, which seems to
have lost both variability in isozymes and quantitative traits
through bottlenecks (LEDIG and CONKLE, 1983).
Although several studies of forest tree species have shown
similar patterns of diversity in comparisons of allozyme and
morphometric data (STUBER, 1990; HARTL et al., 1991; SCHAAL
et al., 1991; see for review MITTON, 1994) or soil nutrients (XIE
and KNOWLES, 1992), some have shown incongruence between
different variability measures (RAJORA et al., 1991) or inconsistency among environments (GOVINDARAJU and DANCIK, 1986,
1987a,b). In this study, canonical correlation analysis appeared
to be a better procedure to find gene loci and alleles potentially
associated with quantitative traits and geographic variation.
By using both biochemical and quantitative data, regression
analyses also showed population differentiation associated
with geographic origins. These findings are in agreement with
those from WESTFALL and CONKLE (1992) and HAMANN et al.
(1998) but somewhat different from MERKLE et al. (1988) who
showed that multivariate techniques of allozyme variation
patterns were not better than single-locus techniques for
certifying seed or for designating breeding zones in coastal
Douglas-fir.
Previous studies based on allozyme markers indicated considerable intra-population variation for both taxa, but with a
substantial proportion of the total diversity residing among
populations (MORAN, 1992; WICKNESWARI and NORWATI, 1993;
KHASA et al., 1994b). Although much of the variation resided
within populations, geographic differentiation among populations was more pronounced in quantitative traits than at the
isozyme level for R. mangium. These earlier results were in
agreement with those from ATIPANUMPAI (1989), who showed
differences in morphophysiological characters among the natural populations of R. mangium, but with large variation among
trees within each population. For R. auriculiforme, a good congruence in geographic variation patterns was obtained in both
allozyme and quantitative traits. PINYOPUSARERK et al. (1991)
also showed geographical variation patterns among R. auriculiforme populations rather than among families within populations based on morphometric markers. For both R. auriculifor198

me and R. mangium, provenance trials have generally shown
that populations from the cluster PNG-QLD were superior in
quantitative traits to those from the cluster NT-IND (KHASA et
al., 1995c). Apparently, differences in the genomes between the
two regions are so great that most characters, including isozymes, show distinct geographic separation (MORAN, 1992; KHASA
et al., 1994b).
R. auriculiforme and R. mangium are closely related to each
other and both species have been reported to hybridize artificially (SEDGLEY et al., 1992) and naturally in paratric and
sympatric zones (SKELTON, 1987), but the extent and evolutionary significance of interspecific introgression have never been
investigated. By calculating mean species centroids using PCA
and CDA techniques among others (ADAMS, 1982; WHEELER and
GURIES, 1987; BOUSQUET et al., 1990; WESTFALL and CONKLE,
1992), it is possible to detect and quantify possible introgressive
hybridization among populations of both species when sampling is correctly done in allopatric, paratric, sympatric zones of
species’ distribution. For instance, the PCA was used to detect
introgressive hybridization between Alnus sinuata and A.
crispa using allozymes (BOUSQUET et al., 1990), and CDA was
used to detect hybridization and introgression in white and
yellow ladyslipper orchids (KLIER et al., 1991).
This study has shown that during domestication of R.
auriculiforme, an initial low level isozyme assessment of the
species is essential in defining efficient sampling strategies for
seed collections and testing for growth performance. On the
other hand, genetic diversity in allozymes of R. mangium is not
related to quantitative traits and ecological factors. Therefore,
preliminary surveys of electrophoretic variation should be complemented by studies of genecological variation and life-history
variation. As shown in this study, the use of refined multivariate techniques is often the only mean of detecting meaningful
relationships between molecular markers and quantitative
traits variation. These techniques can also be used to detect
introgressive hybridization and delineate boundaries of closely
related species. Some authors have showed that selection of
certain isozyme alleles were correlated with quantitative traits
(STUBER, 1990; HAYWARD et al., 1994). Therefore, the use of
genetic markers for the isolation of quantitive trait loci related
to adaptative and commercial characters (LANDER and BOTSTEIN, 1989) now opens new horizons for better understanding
the genetic architecture of quantitative traits, essential in
genetic improvement and conserving biodiversity of various
organisms including trees.
Acknowledgements
The analysis in this paper used some data from the senior author’s
Ph.D. dissertation on which Drs. W.M. CHELIAK (Supratek Pharma,
Dorval, Québec), G. VALLÉE (retired scientist from the Ministère des
Forêts du Québec), S. MAGNUSSEN (Natural Resources, Canada, Pacific
Forestry Centre, Victoria, BC.), P. LI, J. BÉLANGER (Département des
sciences du bois et de la forêt, Univ. Laval, Québec), G. F. MORAN
(CSIRO, Canberra, Australia), and R. WICKNESWARI (Forest Research
Institute, Kepong, Malysia) provided constructive comments. We are
also grateful to Drs. R. WESTFALL (Institute of Forest Genetics, USDA
Forest Service, Berkely, CA), P. V. BLENIS and S. TITUS (Dept. of
Renewable Resources, Univ. of Alberta, Alberta, Canada) for their
valuable comments on previous drafts of this manuscript. Support
provided by Fonds québécois pour la formation des chercheurs et
avancement de la recherche (FCAR, ER-0693) to J. BOUSQUET is
gratefully acknowledged. The manuscript was prepared when the senior
author was working as a postdoctoral research fellow with Dr. B. P.
DANCIK.

Literature
ADAMS, R. P.: A comparison of multivariate methods for the detection of
hybridization. Taxon 31: 646–661 (1982). — ATIPANUMPAI, L.: Acacia
mangium: studies on the genetic variation in ecological and physiologi-

cal characteristics of a fast-growing plantation tree species. Acta Forest.
Fenn. 206: 1–92 (1989). — BOLAND, D. J., PINYOPUSARERK, K., MCDONALD, M. W., JOVANOVIC, T. and BOOTH, T. H.: The habitat of Acacia
auriculiformis and probable factors associated with its distribution. J.
Trop. For. Sci. 3: 159–180 (1990). — BOUSQUET, J., CHELIAK, W. M.,
WANG, J. and LALONDE, M.: Genetic divergence and introgressive
hybridization between Alnus sinuata and A. crispa (Betulaceae). Pl.
Syst. Evol. 170: 107–124 (1990). — CHELIAK, W. M., WANG, J. and PITEL,
J.: Population structure and genic diversity in tamarack, Larix laricina
(DU ROI) K. KOCH. Can. J. For. Res. 18: 1318–1324 (1988). — GOVINDARAJU, D. R. and DANCIK, B. P.: Relationship between allozyme heterozygosity and biomass production in jack pine (Pinus banksiana LAMB.)
under different environmental conditions. Heredity 57: 145–148 (1986).
— GOVINDARAJU, D. R. and DANCIK, B. P.: Allozyme heterozygosity and
homeostasis in germinating seeds of jack pine. Heredity 59: 279–283
(1987a). — GOVINDARAJU, D. R. and DANCIK, B.P.: Environmental stress
and the relationships among allozyme heterozygosity, biomass and biomass components in jack pine (Pinus banksiana LAMB.). Genetica 74:
173–179 (1987b). — HAIR, J. F., ANDERSON, R. E., TATHAM, R. L. and
BLACK, W. C: Multivariate data analysis. 5th Ed. Prentice Hall, Upper
Saddle River, New Jersey (1998). — HAMANN, A., EL-KASSABY, Y. A.,
KOSHY, M. P. and NAMKOONG, G.: Multivariate analysis of allozymic and
quantitative trait variation in Alnus rubra: geographic patterns and
evolutionary implications. Can. J. For. Res. 28: 1557–1565 (1998). —
HAMRICK, J. L., GODT, M. J. W., MURAWSKI, D. A. and LOVELESS, M. D.:
Correlations between species traits and allozyme diversity: implications
for conservation biology. In: Genetics and conservation of rare plants.
Edited by D. A. FALK and K. E. HOLSINGER. Oxford University Press,
Inc., London. pp. 75–86 (1991). — HAMRICK, J. L., GODT, M. J. W. and
SHERMAN-BROYLES, S. L.: Factors influencing levels of genetic diversity
in woody plant species. New For. 6: 95–124 (1992). — HARTL, G. B.,
LANG, G., KLEIN, F. and WILLING, R.: Relationships between allozymes,
heterozygosity and morphological characters in red deer (Cervus
elaphus), and the influence of selective hunting on allele frequency distributions. Heredity 66: 343–350 (1991). — HAYWARD, M. D., MCADAM,
N. J., JONES, J. G., EVANS, C., EVANS, G. M., FORSTER, J. W., USTIN, A.,
HOSSAIN, K. G., QUADER, B., STAMMERS, M. and WILL, J. K.: Genetic markers and the selection of quantitative traits in forage grasses. Euphytica
77: 269–275 (1994). — IEZZONI, A. F. and PRITTS, M. P.: Applications of
principal components analysis to horticultural research. HortScience
26: 334–338 (1991). — JAMES, F. C. and MCCULLOCH, C. E.: Multivariate
analysis in ecology and systematics: panacea or pandora’s box? Ann.
Rev. Ecol. Syst. 21: 129–166 (1990). — KHASA, P. D., CHELIAK, W. M. and
BOUSEQUET, J.: Mating system of Racosperma auriculiforme in a seed
production area in Zaire. Can. J. Bot. 71: 779–785 (1993). — KHASA, P.
D., CHELIAK, W. M. and BOUSEQUET, J.: Genetic variation in 26 populations of R. auriculiforme and R. mangium using allozymes. Can. J. For.
Res. 24: 1123–1132 (1994b). — KHASA, P. D. and DANCIK, B. P.: Managing for biodiversity in tropical forests. J. Sust. For. 4: 1–31 (1997). —
KHASA, P. D., VALLÉE, G., BÉLANGER, J. and BOUSEQUET, J.: Utilization
and management of forest resources in Zaire. For. Chron. 71: 479–488
(1995a). — KHASA, P. D., VALLÉE, G. and BOUSEQUET, J.: Biological considerations in the utilization of Racosperma auriculiforme and R. mangium in tropical countries with emphasis on Zaire. J. Trop. For. Sci. 6:
422–443 (1994a). — KHASA, P. D., VALLÉE, G., and BOUSEQUET, J.: Provenance variation in rooting ability of juvenile stem cuttings from
Racosperma auriculiforme and R. mangium. For. Sci. 41: 305–320
(1995d). — KHASA, P. D., LI, P., VALLÉE, G., MAGNUSSEN, S. and BOUSEQUET, J.: Early evaluation of Racosperma auriculiforme and R. mangium provenance trials on four sites in Zaire. Forest Ecology Management
78: 99–113 (1995c). — KHASA, P. D., VALLÉE, G., LI, P., MAGNUSSEN, S.,
CAMIRÉ, C. and BOUSEQUET, J.: Performance of five tropical tree species
on four sites in Zaire. Commonw. For. Rev. 74: 129–137 (1995b). —

KLIER, K., LEOSCHKE, M. J. and WENDEL, J. F.: Hybridization and introgression in white and yellow ladyslipper orchids (Cypripedium candidum and C. pubescens). J. Heredity 82: 305–318 (1991). — LANDER, E.
S. and BOTSTEIN, D.: Mapping mendelian factors underlying quantitative traits using RFLP linkage maps. Genetics 121: 185–199 (1989). —
LEDIG, F. T. and CONKLE, M. T.: Gene diversity and genetic structure in
a narrow endemic, Torrey pine (Pinus torreyana PARRY ex CARR). Evolution 37: 70–85 (1983). — LOVELESS, M. D.: Isozyme variation in tropical
trees: patterns of genetic organization. New For. 6: 67–94 (1992). —
MERKLE, S. A., ADAMS, W. T. and CAMPBELL, R. K.: Multivariate analysis
of allozyme variation patterns in coastal Douglas-fir from southwest
Oregon. Can. J. For. Res. 18: 181–187 (1988). — MITTON, J. B.: Molecular approaches to population biology. Annu. Rev. Ecol. Syst. 25: 45–69
(1994). — MORAN, G. F.: Patterns of genetic diversity in Australian tree
species. New For. 6: 49–66 (1992). — MORAN, G. F., MUONA, O. and
BELL, J. C.: Breeding systems and genetic diversity in Acacia auriculiformis and A. crassicarpa. Biotropica 21: 250–256 (1989a). — MORAN, G.
F., MUONA, O. and BELL, J. C.: Acacia mangium: a tropical forest tree of
the coastal lowlands with low genetic diversity. Evolution 43: 231–235
(1989b). — PINYOPUSARERK, K., WILLIAMS, E. R. and BOLAND, D. J.: Geographic variation in seedling morphology of Acacia auriculiformis A.
CUNN. ex BENTH. Aust. J. Bot. 39: 247–260 (1991). — RAJORA, O. P.,
ZSUFFA, L. and DANCIK, B. P.: Allozyme and leaf morphological variation
of eastern cottonwood at the northern limits of its range in Ontario. For.
Sci. 37: 688–702 (1991). — SAS Institute Inc.: SAS/STAT® User’s Guide.
Version 6, 4th printing, Vol. 2. Cary, NC: SAS Institute Inc. (1989). —
SCHAAL, B. A., LEVERICH, W. J. and ROGSTAD, S. H.: A comparison of
methods for assessing genetic variation in plant conservation biology.
In: Genetics and conservation of rare plants. Edited by D. A. FALK and
K. E. HOLSINGER. Oxford University Press, Inc., London. pp. 123–134
(1991). — SEDGLEY, M., HARBARD, J., SMITH, R.-M. M., WICKNESWARI, R.
and GRIFFIN, A. R.: Reproductive biology and interspecific hybridization
of Acacia mangium and A. auriculiformis A. CUNN. ex BENTH. (Leguminosae: Mimosoideae). Aust. J. Bot. 40: 37–48 (1992). — SKELTON, D. J.:
Distribution and ecology of Papua New Guinea acacias. In: Australian
acacias in developing countries. Proceedings of an international workshop. Edited by TURNBULL, J. W. Gympie, Qld., Australia, August 4 to 7
1986. ACIAR Proceedings No 16, pp. 38–44 (1987). — SMOUSE, P. E. and
WILLIAMS, R. C.: Multivariate analysis of HLA-disease associations. Biometrics 38: 757–768 (1982). — STUBER, C. W.: Molecular markers in the
manipulation of quantitative characters.In: Plant population genetics,
breeding, and genetic resources. Edited by A. H. D. BROWN, M. T. CLEGG,
A. L. KAHLER and B. S. WEIR. Sinauer, Sunderland, Mass. pp. 334–350
(1990). — SWOFFORD, D. L. and SELANDER, R. B.: Biosys-1 manual. A
computer program for the analysis of allelic variation in population
genetics and biochemical systematics. Illinois Natural History Survey,
U.S.A. (1989). — TURNBULL, J. W. (ed.).: Advances in tropical acacia
research. Proceedings of an international workshop, Bangkok, Thailand. February 11 to 15 1991. ACIAR Proceedings No. 35 (1991). —
WESTFALL, R. D. and CONKLE, M. T.: Allozyme markers in breeding zone
designation. New For. 6: 279–309 (1992). — WHEELER, N. C. and GURRIES, R. P.: A quantitative measure of introgression between lodgepole
and jack pines. Can. J. Bot. 65: 1876–1885 (1987). — WICKNESWARI, R.
and NORWATI, M.: Genetic diversity of natural populations of Acacia
auriculiformis A. CUNN. ex BENTH. Aust. J. Bot. 41: 65–77 (1993). — XIE,
C. Y. and KNOWLES, P.: Associations between allozyme phenotypes and
soil nutrients in a natural population of Jack pine (Pinus banksiana).
Biochem. Syst. Ecol. 20: 179–185 (1992). — YEH, F. C., CHELIAK, W. M.,
DANCIK, B. P., ILLINGWORTH, K., TRUST, D. C. and PRYHITKA, B. A.: Population differentiation in lodgepole pine, Pinus contorta spp.latifolia: a
discriminant analysis of allozyme variation. Can. J. Genet. Cytol. 27:
210–218 (1985).

199

